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Abstract: Background: Diets have been a central component of lifestyle modification for decades. The
Low-Carbohydrate Diet (LCD), originally conceived as a treatment strategy for intractable epilepsy
(due to its association with ketogenesis), became popular in the 1970s and since then has risen to
prominence as a weight loss strategy. Objective: To explore the efficacy, limitations and potential
safety concerns of the LCD. Data Sources: We performed a narrative review, based on relevant articles
written in English from a Pubmed search, using the terms ‘low carbohydrate diet and metabolic
health’. Results: Evidence supports the efficacy of the LCD in the short-term (up to 6-months) for
reduction in fat mass and remission of Type 2 Diabetes Mellitus (T2D). However, the longer-term
efficacy of the LCD is disappointing, with diminishment of weight loss potential and metabolic
benefits of the LCD beyond 6-months of its adoption. Furthermore, practical limitations of the LCD
include the associated restriction of food choices that restrict the acceptability of the LCD for the
individual, particularly over the longer term. There are also safety concerns of the LCD that stem
from nutritional imbalances (with a relative excess of dietary fat and protein intake with associated
dyslipidaemia and increased risk of insulin resistance and T2D development) and ketotic effects.
Finally, the LCD often results in a reduction in dietary fibre intake, with potentially serious adverse
consequences for overall health and the gut microbiota. Conclusions: Although widely adopted, the
LCD usually has short-lived metabolic benefits, with limited efficacy and practicality over the longer
term. Dietary modification needs tailoring to the individual, with careful a priori assessments of food
preferences to ensure acceptability and adherence over the longer term, with avoidance of dietary
imbalances and optimization of dietary fibre intake (primarily from plant-based fruit and vegetables),
and with a posteriori assessments of the highly individual responses to the LCD. Finally, we need to
change our view of diets from simply an excipient for weight loss to an essential component of a
healthy lifestyle.

Keywords: Low-Carbohydrate Diet; Type 2 Diabetes Mellitus; fat mass; ketogenesis

1. Introduction

The global obesity epidemic poses a major threat to our health, with much asso-
ciated chronic ill health that includes >50 separate obesity-related co-morbidities [1,2].
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Cardio-metabolic dysfunction underlies many obesity-related conditions, including Type 2
Diabetes Mellitus (T2D), other features of the metabolic syndrome such as dyslipidaemia
and hypertension and obesity-related malignancies that include endometrial carcinoma [3].
Global obesity also contributes to substantial socio-economic costs [4]. There is an urgent
need to address global obesity through efficacious and long-term strategies and preven-
tive measures.

Traditionally, there is division of obesity management into three distinct phases:
lifestyle, pharmacotherapy and bariatric surgery. Currently, bariatric surgery provides our
best evidence for long-term effective weight loss in obesity [5]. Although pharmacothera-
pies for obesity have a chequered history, there is much promise for the future based on data
from some of the newer classes of therapies for T2D, including incretin-based hormonal
suppressants of hunger [6,7]. Regarding lifestyle strategies for obesity, although usually
considered as an early strategy for weight loss, healthy lifestyle behaviours should form a
foundation for weight loss, applicable throughout its management and complementary to
other strategies.

Lifestyle is an umbrella term that incorporates all aspects of healthy behaviours includ-
ing sleep quality and sufficiency, physical activity, smoking cessation and the optimization
of mental and emotional health. Attention to diet forms a major component of a healthy
lifestyle. There are a myriad of diets available, based on multiple variables. These in-
clude the combinations of macronutrients, the duration and timing of meals, the duration
and periodicity of fasting periods, chewing time, the speed of eating, the duration of the
diet, the types of cooking techniques and even the emulation of previous eras such as
the ‘Paleolithic Diet’. Amongst all available diets though, the Low-Carbohydrate Diet
(LCD) features prominently. The LCD, conceived a century ago as a means of inducing
ketonaemia as a treatment strategy for intractable epilepsy [8], has only been re-purposed
for weight loss and metabolic benefits for the second half of its history, in response to the
burgeoning global obesity problem. Indeed, even prior to the discovery of insulin 100-years
ago, and before the conception of the LCD as a treatment for intractable epilepsy, severe
restriction of carbohydrate intake was advocated for the treatment of Type 1 Diabetes
Mellitus (T1D) [9]. In this concise review, we consider the definition, rationale and patient
selection for the LCD. We also critically review current literature on the metabolic efficacy
of the LCD, and consider its limitations and potential safety concerns. Finally, we outline
the role of the LCD in the context of a healthy lifestyle program and the future of the LCD.

2. Methodology

We performed a narrative review of the current literature. We used Pubmed for this
purpose. The search terms included ‘Low carbohydrate diet” in combination with the
following: “metabolic health, definition, physical activity, limitations, nutrition, ketosis,
hyperuricaemia, inflammation and microbiota’. We chose published studies for inclusion
in our narrative review based on their relative size, novelty and perceived clinical relevance
as assessed by the authors; and related review articles, including systematic reviews and
meta-analyses. We only considered articles written in English, with no restrictions on the
date of publication.

3. Low-Carbohydrate Diet: Definition, Rationale and Patient Selection

The definition of the LCD varies between studies, and includes a diet that contains
<130 g of carbohydrate per day (or <26% carbohydrate from a 2000 Kcal/day diet) [10].
However, perhaps the most widely used definition of the LCD is based on the percentage of
total daily calories (<20%) derived from carbohydrates, with a relatively high proportion of
daily caloric intake from fats (55-65%) and protein (25-30%) [11]. The dietary composition
of the LCD differs markedly from the Low-Fat Diet (LFD) in which only 20-30% of total
daily calories stem from dietary fats, with 55-65% of daily calories derived from carbo-
hydrates and 15-20% derived from protein [11]. These definitions of the LCD and LFD
highlight a key underlying problem inherent to any study on dietary modification: the im-
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possibility of exploring the effects of macronutrient changes in isolation. Our diets contain
a complex array of macronutrients. If there is a reduced intake of one macronutrient (such
as carbohydrates), then there must be a relative increase in the daily caloric contribution
from other macronutrients (such as fats and protein), to compensate for the reduction in
carbohydrate intake. Therefore, it is important to emphasize that many dietary interven-
tions, including the LCD, are actually more complicated than their titles otherwise suggest.
This awareness is important when assessing the outcomes of diets such as the LCD.

Restriction of dietary carbohydrate intake has a long history, including as a treatment
strategy for T1D prior to the discovery of insulin [9]. Indeed, in 1863, Edward Banting
commented on his own personal experience of using dietary carbohydrate restriction
for weight loss (from 202 to 156 pounds): “the great charms of the system are that you are
never hungry and its effects are palpable within a week of trial and creates a natural stimulus to
persevere a few weeks more”. The original LCD (with relatively high dietary intakes of fat
and protein) was conceived 100 years ago in 1921 as a means of inducing ketogenesis, as a
non-pharmacological treatment option for intractable childhood epilepsy [8,12]. In recent
years, variations of this low-carb ‘ketogenic’ diet (defined as ketosis in the context of the
LCD) have improved its palatability and tolerability, and thereby widened its availability
to a larger group of patients, including adults who have failed to respond to multiple anti-
convulsant therapies and who are not surgical candidates [12]. Interestingly, despite its use
as a therapeutic option for intractable epilepsy for a century, the underlying mechanism(s)
whereby the low-carb ketogenic diet improves health outcomes in people with epilepsy
remains unclear [12]. Hypotheses include effects on mitochondrial function, changes in
neurotransmitter release and neuronal function that stem from the effects of ketone bodies
(including enhanced membrane potential hyperpolarization, increased y-aminobutyric
acid [GABA] synthesis and reduced release of glutamate), and the anticonvulsant effects of
glucose stabilization and fatty acids [12]. The low-carb ‘ketogenic” diet may also inhibit the
mammalian target of rapamycin (mTOR) [12-14]. For the first half of its history, the use of
the low-carb ‘ketogenic’ diet was mainly for the purpose of managing intractable epilepsy.
With the burgeoning global problem of obesity in the 1970s, there was a re-purposing
of the LCD for a very different indication: that of weight loss. The concept of the LCD
(associated with relatively high intake of protein and fats) for the purpose of weight loss
and weight maintenance was popularized in the 1970s by Dr. Robert C Atkins [15]. Since
then, and over the second half of its history, the LCD as a lifestyle strategy for weight loss
has become prominent, and now far out-weighs its original purpose as a treatment option
for intractable epilepsy.

The rationale of the LCD as a weight loss strategy stems from the Carbohydrate-
Insulin Model (CIM) of obesity. This suggests that high-carbohydrate diets (including
refined sugar and starches) stimulate post-prandial hyperinsulinaemia that in turn pro-
motes the deposition of calories within fat cells, rather than the alternate fate of oxidation
within lean tissues, with consequent weight gain (including effects on increased hunger
and suppressed metabolic rate) [16]. Of all the many influences on insulin secretion, dietary
carbohydrate has the most potent effect, and varies according to the amount and type
of carbohydrate [16]. Although protein also stimulates insulin secretion, there is tem-
pering of the effects of protein-induced hyperinsulinaemia by the concomitant secretion
of glucagon. Conversely, dietary fat has little direct effect on the release of insulin [16].
Following adoption of the LCD, two key metabolic processes ensue: gluconeogenesis and
ketogenesis [17]. A diminished supply of glucose to the muscles, brain and liver results
in a reduction in the synthesis and storage of glycogen, and therefore a reduced capacity
for glycolysis. Due to the reciprocal and inverse relationship between glycolysis and glu-
coneogenesis, diminishment of the former results in augmentation of the latter [17]. The
process of gluconeogenesis utilizes certain amino acids (alanine and glutamine), glycerol
and lactic acid as substrates [18]. Given the limited supply of these substrates, continuous
gluconeogenesis over a prolonged period of many hours may be insulfficient to provide the
body’s needs for glucose. In this scenario, ketogenesis occurs with the synthesis of ketone



Nutrients 2021, 13, 1187

40f15

bodies as an alternate fuel source to glucose [17]. Low levels of serum insulin that associate
with the LCD result in lipolysis with an elevated supply of fatty acids, with conversion to
acetoacetic acid and the ketones 3-hydroxybutyric acid and acetone [17]. Based on these
physiological insights, adoption of the LCD would reduce levels of plasma insulin, and
promote the oxidation of ingested calories within lean tissues, with reduced storage as fat
and favourable effects on appetite and metabolic rate.

To appreciate further the metabolic benefits of the LCD, it is instructive to consider the
metabolic sequelae of adopting a high carbohydrate diet (HCD) that results in increased
insulin secretion, that in turn partitions energy away from oxidation and towards storage
depots such as fat deposition within adipose tissue [17]. In response to the brain’s per-
ception of “cellular internal starvation’, there is enhancement of appetite and suppression
of metabolic rate [17]. However, an alternate explanation for weight gain with a HCD
simply invokes the pleasant taste of sweetness and its inherent hedonic effects that in turn
drives us to eat more. The underlying mechanisms that link the HCD with resultant weight
gain may implicate appetite control, the hedonic centres, metabolic rate, insulin-mediated
energy partitioning or a combination of all of these factors. Whatever the actual mecha-
nisms, the literature provides clear consensus on the metabolic effects of diets according to
carbohydrate content: HCDs promote weight gain and metabolic dysfunction, and LCDs
promote weight loss (at least in the short-term) and optimization of metabolic functioning.

To summarize this section, the LCD is defined as a diet that has a low proportion of
daily calories (<20%) derived from carbohydrates. LCDs therefore also contain a relatively
high proportion of calories derived from dietary fat and protein, which hampers any
attempt to explore the effects of low dietary carbohydrate ingestion in isolation. Although
originally conceived as a treatment for intractable epilepsy, the primary application of
the LCD currently is to facilitate weight loss and metabolic improvements in people with
obesity, including obesity-related co-morbidities such as T2D. In this review, we focus on
the metabolic effects of the LCD in these scenarios. Ultimately, there is individualization of
the implementation of dietary interventions such as the LCD, according to their rationale
and purpose. It is important to consider carefully the available evidence when choosing
appropriate dietary interventions such as the LCD, including metabolic efficacy and safety.

4. Metabolic Efficacy of the LCD

Adoption of the LCD results in a reduced supply of carbohydrates to the liver that in
turn causes a reduction in the conversion of excessive carbohydrates into fatty acids and
enhanced lipolysis. There is also a reduction in the levels of plasma insulin that releases
the drive to store fat within adipose tissue, that ultimately manifests in progressive loss
of body fat [17]. Accordingly, reduced fat mass represents a key metabolic benefit and
rationale for the adoption of the LCD. Indeed, at least over the short-term, the LCD appears
to result in some superior reduction in body fat mass. The effects of the LCD and Very
Low-Carbohydrate Diet (VLCD) on body composition was reported based on a meta-
analysis of 14 randomized controlled trials (RCTs) that included >1400 obese individuals,
in which there was an overall greater reduction in fat mass of 0.77 Kg when compared to
the LFD [19]. In the sub-group with LCD over 12-months, the additional reduction in fat
mass was 0.57 Kg [19].

Despite these promising data on improved fat mass for the short-term efficacy of
the LCD, longer-term data are disappointing. Other meta-analyses based on longer-term
randomized weight loss trials that compare LCD with traditional calorie-restricted (low-fat)
diets show that although LCDs associate with greater weight loss in the short-term, this
advantage of the LCD either disappears or diminishes after 1 year [20-23]. The reduced
efficacy of the LCD on weight loss over the longer-term suggests the emergence of some
mitigating compensatory mechanism [24]. One hypothesis is that the reduced glycogen
stores that associate with the adoption of the LCD [25] result in reduced physical activity
and increased fatigue [24], with consequent reduced energy expenditure. However, no
consistent evidence from human-based studies supports any assumption that dietary
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composition and quality has an appreciable impact on physical activity, performance or
endurance in people adopting dietary modification (including the LCD) for the purpose
of weight loss [26-28]. There is also controversy regarding the effects of the LCD on the
capacity for physical activity in sportsmen [29-31]. In one fascinating study on Drosophila
melanogaster that compared a standard diet and LCD for 9-days, although activity was
unaffected by the diet, there was a relative reduction in overall metabolic rate in the LCD
group. Although caution is required when extrapolating data from Drosophila into humans,
suppressed overall metabolic rate may represent one possible factor that mitigates the
longer-term success of the LCD for effective reduction in body fat [24].

The potential metabolic benefits of the LCD extend well beyond reduced fat mass,
including for example potential improvement in the future risk of cardio-vascular disease
in patients with pre-diabetes and T2D [32,33]. Through a combination of reduced supply
of carbohydrates to the liver and suppressed plasma levels of insulin, the LCD associates
with improved (pre-prandial) insulin sensitivity and glycaemic control. Overall, fasting
insulin sensitivity improves over the short-term in response to the LCD, but the effect of
the LCD on fasting insulin sensitivity diminishes over the longer-term, in tandem with
the diminished longer-term effects on body weight loss [32,33]. (Unfortunately, limited
data exist for the effects of the LCD on post-prandial insulin sensitivity). In a systematic
review and meta-analysis of RCTs on the efficacy of the LCD versus a normal or high-
carbohydrate diet in patients with T2D from 9 studies and >700 individuals, there was
a significant reduction in HbA1C of 0.44% for the LCD group [34]. The LCD group also
had a significant reduction in plasma triglyceride level of 0.33 mmol/L but no significant
change in total or LDL cholesterol. Furthermore, although the LCD had an initial reducing
effect on body weight, over the longer term (as with outcomes from the general obese
cohorts outlined above), there was no significant effect of the LCD on body weight [34].
In a separate study on adoption of the LCD in obese patients with T2D, there was a
short-term improvement in insulin sensitivity, optimization of glycaemic control and lipid
profile, a spontaneous reduction in energy intake and weight loss (accounted for by the
reduced caloric intake) [35]. Furthermore, in a recent meta-analysis of the LCD in patients
with T2D on >1350 participants, it was demonstrated that compared with control diets at
6-months, the LCD achieved higher rates of remission from T2D (data on T2D remission
at 12-months were sparse), and improvements in weight loss, fasting insulin sensitivity
and triglycerides that diminished at 12-months [10]. Finally, the effects of the LCD on non-
alcoholic fatty liver disease (NAFLD) remains incompletely understood. Although human
data show association of the LCD with a reduction in intra-hepatic triglyceride content,
longer-term maintenance of a ketogenic diet in mice actually stimulates the development
of NAFLD [36].

Despite the clear metabolic benefits of the LCD for patients with T2D at least in the
short-term, there remains controversy in the literature regarding the relative benefits of
the LCD versus other dietary modifications in T2D. In one systematic review and meta-
analysis that compared the metabolic effects of the LCD vs. HCD in adults with T2D, the
proportion of daily energy provided by carbohydrate intake was not an important factor in
the response to dietary management [37]. Furthermore, in a recent meta-analysis, there
was an inverse association between T2D incidence and increased intake of whole-grain,
and a direct association with the intake of sugar-sweetened beverages [38]. There is also
contention regarding the origin of the metabolic benefits of the LCD, with potential benefits
from the diet itself, and the indirect metabolic effects that stem from reduced hunger and
associated weight loss [39]. It seems likely that a combination of these factors underlies the
metabolic benefits of the LCD (at least in the short-term), an overview of which we present
in Figure 1.
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Figure 1. Overview of the short-term metabolic benefits of the Low-Carbohydrate Diet (LCD).

Although the adoption of the LCD seems a sensible lifestyle approach, and one cor-
roborated by scientific evidence for the short-term promotion of weight loss and improved
metabolic status, it is important not to overlook the potential benefits of other types of
dietary modification for effective weight loss and metabolic improvements. In one meta-
analysis of 32 controlled feeding studies in diet-induced obese mice in which there was
isocaloric substitution of carbohydrate for fat, both energy expenditure and loss of fat
mass were significantly greater with lower fat diets [40]. Although we should exercise
caution when extrapolating rodent data to humans, the LFD in humans also associates
with effective weight loss [11]. Furthermore, there are potential practical problems and
safety concerns that limit the effective and longer-term adoption of the LCD, explored
in the next sub-sections. Therefore, it is important not to choose the LCD by default,
but rather consider dietary and lifestyle options from a holistic perspective, tailored to
each individual.

5. Limitations of the LCD

Any successful behavioural change requires sustained focus, drive, grit and determi-
nation. Although habitualization is possible, behavioural change over the longer term is
often challenging. All of us experience life events that demand our focus and attention
and may dominate our emotions temporarily. It is at such moments that maintained focus
on healthy behaviours including dietary modification becomes particularly challenging,
and where many of us falter. The longer-term adherence to diets such as the LCD is no
exception. Indeed, poor adherence to dietary recommendations is a major reason for the
limited efficacy of dieting per se [41]. The longer-term success of any dietary modification
depends on its acceptability to the individual and influenced by its practical applicability
and, importantly, the enjoyment associated with its adoption. Unfortunately, much of
the pleasurable hedonic effects of eating stem from the ingestion of carbohydrate, and
particularly the combination of carbohydrates and fat (that never occurs naturally). Sweet
foods are palatable. This poses a problem for the LCD, with potentially reduced palatability
of foods that are low in carbohydrates and associated reduced enjoyment from eating con-
tributing to the longer-term problem of adherence to the LCD. Furthermore, the successful
adoption of the LCD often results in severe limitation of food choices, with the attendant
risk of inadequate nutrition. This further hampers sustained adherence to the LCD [11].
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The achievement and maintenance of a healthy body weight is unlikely to occur
unless the lifestyle opted for (including dietary modification and physical exercise) are
enjoyable [42]. Given individual preferences for food, it follows that the choice of diet
should be tailored to the individual [42]. There should be encouragement of changes to
the diet that are acceptable to the individual and that can be maintained [42]. Attempts to
follow a specific diet that is unacceptable or unpleasant for an individual is unlikely to be
successful, and may actually be de-motivating and have a negative impact on self-esteem,
self-confidence and likelihood of engagement with other healthy lifestyle behaviours.
Therefore, prior to advocating any diet, a carefully elicited dietary history is required,
including the types of foods and recipes that the individual finds acceptable and enjoyable.
In some cases, a modified LCD may be required, that maintains some elements of the
LCD, but may be tempered to improve its acceptability to the individual and therefore to
optimize the likelihood of its longer-term success.

In addition to the acceptability and palatability of the LCD, a further potential limita-
tion relates to its possible hampering of athletic performance. In one study on the effects of
the LCD (with associated high-fat diet [HFD]) in elite endurance athletes, in contrast to
diets that provide high-carbohydrate availability, training with the LCD impaired athletic
performance despite improved peak aerobic capacity [30]. However, as alluded to earlier,
there is relatively little evidence from the literature to support any appreciable effects of the
LCD on physical endurance and performance for most people who adopt this diet. Further-
more, elite athletes should not represent a standard model from which to judge the physical
effects of the LCD in most people who adopt it. Nevertheless, when choosing an appropriate
diet, it is important to consider not just its metabolic effects and weight loss potential, but
also the potential impact on physical activity, and occasionally and where relevant, athletic
performance. Although optimized athletic performance may not be a priority for many of
us, the data outlined here nonetheless highlight the importance of a tailored approach to the
individual, including consideration for the minority with a focus on athleticism.

6. Potential Safety Concerns of the LCD

The longer-term metabolic and weight-losing efficacy of the LCD, its acceptability
to the individual and associated limitations are important considerations. However, an
even greater concern relates to the potential safety concerns of the LCD that originate from
multiple sources (outlined in Table 1).

Nutritional Deficiencies: In patients with Type 1 Diabetes Mellitus, adoption of the
LCD may result in an increased risk of severe hypoglycaemia, that is resistant to the effects
of glucagon due to the associated depletion of glycogen stores [43]. Apart from glycogen
deficiency, other nutritional deficiencies associated with the LCD stem from restrictions of
dietary choice (and therefore the risk of a nutritionally imbalanced diet), compounded by
a concomitant drive to lose weight with additional deliberate restriction of caloric intake.
Accordingly, the longer-term adoption of the LCD (usually following at least 3-months)
can result in dietary deficiencies of minerals, vitamins and trace elements and associated
problems with bone health, renal calculi and occasionally growth failure [12]. A relative
paucity of dietary fibre intake in the LCD (from the predominance of animal-based high fat
and high protein foods, and relative lack of plant-based foods that contain carbohydrates
in the form of dietary fibre) may cause constipation and other health problems [44]. Over
the longer term, these imbalances of macronutrient intake can have potentially deleterious
effects that stem from relatively high dietary intakes of fat (such as dyslipidaemia [12]) and
protein (such as impaired glomerular filtration rate demonstrated in women with mild
renal impairment, but not in healthy subjects with eGFR > 60 mL/min/1.73 m? [11,45-47]).
Furthermore, diets that have both low and high percentages of carbohydrates associate
with increased mortality, with minimal mortality risk at 50-55% carbohydrate intake (with
a plant-based diet) [48]. A relative lack of plant-based foods (including vegetables and
legumes) in the LCD may worsen mortality from a reduced intake of essential micronutri-
ents such as polyunsaturated fatty acids (PUFA) [49,50].
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Ketosis: To complement the nutritional problems that associate with longer-term
adoption of the LCD, there are also potential safety concerns from the effects of persistent
and sustained ketosis. In the short-term, these include potential gastro-intestinal symptoms
such as vomiting, diarrhoea, obstipation, gastroesophageal reflux and hypoglycaemia [12].
The longer-term effects of sustained ketosis on the body are incompletely understood [11].
However, ketosis can result in released calcium stores to neutralize the ketones, with a
theoretical risk of osteoporosis and nephrolithiasis [11]. Interestingly, epidemiological data
reveal that higher protein intake actually associates with reduced bone loss [51]. In extreme
and rare cases, carbohydrate restriction may even precipitate ketoacidosis [52].

High-Protein Diet: The LCD associates with intake of a relatively high proportion of
dietary protein (to compensate for a relative lack of carbohydrate as a source of energy).
There is controversy in the literature regarding the health effects of a high-protein diet.
Over the longer term, there are reported unfavourable metabolic effects of a diet that is
proportionately high in protein, including association with dysglycaemia [53,54]. In a large
prospective cohort study with 1-year follow-up, consumption of energy from protein at
the expense of energy from fat or carbohydrates actually increased the risk for the devel-
opment of T2D [53,54]. Conversely, a recent guidelines publication by the Diabetes and
Nutrition Study Group (DNSG) justified higher protein diets (up to 20% and 1.3 g/Kg body
weight) for the treatment of T2D, providing normal renal function [47]. Interestingly, there
appears to be a contradiction between the epidemiological and interventional studies on
high-protein diets, with the latter (20-30% daily energy requirements from dietary protein
in the context of a healthy dietary intake of fats, fibres and vegetables) showing consistently
favourable metabolic outcomes and biomarkers. Such interventional data include the
ProFiMet study with the combination of a high-protein diet with fibre intake [55], and a
series of reported studies on the metabolic benefits of high-protein diets on improvements
in hepatic fat content, inflammatory profiles and oxidative stress, including in people with
T2D and obesity [56-59]. A likely explanation for the apparent disconnect between the
metabolic data from epidemiological and interventional studies on high-protein diets is that
the former often fail to correct for lifestyle variables associated with a high dietary protein
intake, with a relative lack of plant-based foods and physical inactivity. Conversely, inter-
ventional studies on high-protein diets (including those discussed here) usually combine
these with a healthy lifestyle program (including a healthy diet), with recent meta-analyses
that reveal improvements in most metabolic outcomes [60]. Therefore, based on current
evidence, high-protein diets per se do not appear to influence metabolic health, but rather
the healthiness of their associated diet and other lifestyle behaviours.

Hyperuricaemia and Inflammatory Effects: A further theoretical risk of the LCD
includes hyperuricaemia (with associated gouty arthritis and uric acid nephrolithiasis)
from excessive conversion of purines from animal proteins following adoption of the LCD
(with relatively high dietary intake of proteins) [11,61]. However, it is noteworthy that
purines also originate from plant-based foods that contain lots of DNA such as cabbage,
and that fructose represents an important source of uric acid formation [62]. Finally,
theoretically the LCD may promote inflammatory effects through a relative increase in
saturated fat intake (possibly mitigated through associated weight loss). In fact, evidence
suggests either no appreciable effects [63] or improvements in inflammatory status (at least
in the short term) from the LCD [64-67], and associated improvements in the risk factors
for cardiovascular disease [68]. Future longer-term prospective studies should explore the
longer-term effects of the LCD on cardio-vascular events.

Mitigation of some of the nutritional and metabolic problems associated with the
LCD could occur through the concomitant optimization of dietary fibre intake. Our own
group showed that the ingestion of insoluble and non-fermentable cereal fibres (derived
from oat or wheat extracts and whole grain products) rather than soluble and highly
fermentable types of dietary fibre, associates with reduced risk for the development of
T2D and improved insulin sensitivity [55,69,70]. We have proposed a likely mechanistic
explanation for the association between dietary fibre intake and improved insulin sensitivity
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to implicate the reduced absorption of dietary protein and modulation of the amino acid
metabolic signature [70,71]. The combination of the LCD with optimized dietary fibre
intake may therefore help to reduce the potential detrimental metabolic effects (including
insulin resistance) of excessive protein intake, and may reduce the risk of hyperuricaemia.
However, this strategy is problematic given that most carbohydrates occur within plant-
based foods (in the form of dietary fibre), and the LCD is therefore typically low in dietary
fibre. Dietary restriction of fermentable and poorly absorbed carbohydrates (as occurs in
the LCD) can have beneficial effects in patients with symptoms of Irritable Bowel Syndrome
and small intestinal bacterial overgrowth, in whom reversal of this dietary strategy may
therefore worsen such symptoms [72,73]. Furthermore, supplementation of the LCD with
fibre-rich foods may potentially exceed the daily limit of carbohydrates allowable for
the LCD. To address these problems, supplementation of the LCD with insoluble fibre-
rich foods such as cereal fibre (that tends to have a lower carbohydrate content than its
counterpart, soluble fibre) provides a potential solution, and would enable the adoption
of the LCD whilst also maintaining adequate dietary fibre intake [74-76]. Furthermore,
fibre-rich vegetables contain relatively low levels of carbohydrate, primarily soluble and
metabolically ineffective fibre and essential micronutrients (likely accounting for their
health benefits), and as such provide an excellent accompaniment to the LCD. Additional
strategies include fibre supplementation and fortification of the LCD.

Table 1. Outline of the potential safety concerns of the LCD.

Safety Concern

Nature of the Problem Clinical Sequelae

Reduced dietary intake of fibre, minerals, Increased mortality from restricted fibre,

Nutritional vitamins, trace elements and PUFA [12]; essential micronutrients and PUFA [48-50];
Deficiencies Depleted glycogen stores from Dyslipidaemia [12]; Bone health and renal calculi
restricted carbohydrate intake [43] [12]; Hypoglycaemia (T1D)
Short-term gastro-intestinal Vomiting, Diarrhoea and Obstipation;
Ketosis symptoms [12]; Longer-term effects incompletely Gastrointestinal reflux [12];

understood [11]
Released Calcium Stores [11]

Theoretical Nephrolithiasis and
Osteoporosis [11]; Ketoacidosis (rare) [52]

High-Protein Diet

Epidemiological studies show association with
dysglycaemia and unfavourable metabolic effects
[53,54]; Interventional studies show metabolic

Impaired GFR in women with mild renal
impairment [11,45-47]; Metabolic benefits likely
mediated by associated lifestyle changes in

benefits [55-59] interventional studies [60]

Hyperuricaemia

Theoretical risk of excessive conversion of purines

Gouty arthritis

from animal protein [11,61] Uric acid nephrolithiasis

Inflammatory Status

inflammatory effects from a relative increase in

Evidence is contradictory
Data show either no appreciable effect [63] or
improvement of inflammatory
status [64—67] in response to the LCD

Theoretical promotion of

dietary saturated fat intake

Mental and Emotional

Central role of food and eating Potential lowering of mood and

Status within our society negative impact on relationships
Ecological and Ethical Environmental effects of soy bean and meat Health implications of climate change
Concerns production and deforestation p &

Financial Implications

Increased expense of the LCD [77], and
disproportionate financial effects on lower
socio-economic groups
(reduced affordability and feasibility)

Health implications of financially
restricted diet to those groups most likely to
benefit from dietary change

Dysbiosis

Relative increase in dietary intake of fats and

Appetitive, immunomodulatory,
inflammatory and dysmetabolic
sequelae; Impact on mental health and
wellbeing [79]

protein, with a deficiency
in dietary fibre intake [78]

GEFR: Glomerular Filtration Rate; LCD: Low-Carbohydrate Diet; PUFA: Polyunsaturated Fatty Acids; T1D: Type 1 Diabetes Mellitus.
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As outlined, the main safety concerns regarding adoption of the LCD relate to their
nutritional and ketotic effects. Furthermore, epidemiological studies consistently report
increased mortality with the LCD [48]. Whilst the direct effects of the LCD are important,
there are also potential indirect safety concerns. As outlined earlier, adoption of the LCD
inevitably results in a diminishment of glycogen supplies that may in turn contribute
towards fatigue, and reduced athletic performance [30]. Furthermore, given the restricted
food choices, potentially reduced pleasure of eating and the fact that the LCD is often
adopted in the context of obesity (a highly stigmatized condition in our society), it is
important to consider the potential mental and emotional health problems that may occur
following adoption of the LCD. Adoption of the LCD may also have a negative impact on
relationships, given the central role of food and eating in our social world. As healthcare
professionals, we need to be mindful of these issues, and consider the mental health and
social scaffold of our patients both prior to suggesting any dietary modification, and at each
follow-up opportunity whilst on any diet, including the LCD. There are also ecological and
ethical implications of promoting and adopting the LCD for many patients, including the
environmental effects of soy and meat production, deforestation and consequent effects on
climate change. The socio-economic implications of the LCD include the increased financial
expense of the LCD compared with other diets [77], that may preclude the feasibility and
affordability of the LCD for lower socio-economic groups within society (who are also most
likely to benefit from lifestyle and dietary changes).

Finally, although this goes well beyond the scope of our concise review, we need to con-
sider the potential for the indirect effects of gut dysbiosis that may stem from adoption of
the LCD, with the inherent high intake of fats and protein, typically found in animal-based
foods, and relative paucity of carbohydrate- and fibre-laden plant-based foods [78]. Given
the emergent data that link our gut microbiota with much of our physiological functioning
including the regulation of appetite, metabolism and mental health and wellbeing [79], it is
important to consider the impact of any dietary modification on our gut microbiota. This
consideration has perhaps, not been given enough attention previously, with too much
focus on weight loss per se following implementation of the LCD.

7. Conclusions and Future Directions: LCD in the Context of Healthy Lifestyle

Despite decades of research, it is remarkable how little we actually know about the
human diet. It is probably fair to say that most of us think we know more than we actually
do. There are many reasons why dietary insights remain elusive. These include the inherent
difficulties of studying diets in isolation, with every diet containing a complex array of
macronutrients and many other variables. There is also the problem of accuracy, with most
of us under-estimating our daily caloric intake and problems of self-recall that plague many
dietary studies. There are cultural factors, with specific dietary preferences and norms
widely variable across global populations. Finally, there are human variables from our own
unique genetic and physiological make-up, and the complex array of microbiota within our
gut, unique to each individual. Faced with this complex and highly variable set of factors,
it is hardly surprising that we have limited knowledge and insights into the optimization
of our diets for health.

Although specific dietary advice exists for certain groups, the vast majority of us are
encouraged to follow the standardized government advice regarding a healthy diet, with
recommended daily caloric intakes simplified based on sex. However, a more refined
approach is required, one that is tailored to the individual, and based on much more
sophisticated inputs than sex. As alluded to, the gut microbiota is hugely relevant to our
handling of macronutrients, and a future scenario may incorporate individualized gut
faecal profiles that inform specific dietary requirements [80]. Genetic profiling may also
be included (including gene variants relevant for liver handling of macronutrients for
example). A sophisticated dietary algorithm may even incorporate a Bayesian process, in
which there is algorithmic learning over time regarding how each individual responds to
and assimilates certain diets and macronutrients across a whole range of measures. Such
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a tool would enable users to make individualized healthy and enjoyable food choices.
Algorithmic learning and tailored dietary recommendations would help to ensure the
longer-term success and durability of healthy dietary modifications.

Ultimately, our diet should form an essential component of a healthy lifestyle. From
a nutritional perspective, it is important that any dietary intervention contains a proper
balance of healthy fats, proteins, carbohydrates, fibre, minerals and vitamins [11]. Due
to the problem of longer-term adherence to dietary modifications, any dietary interven-
tion must also be flexible and fit with individual lifestyles, backgrounds, cultures and
food preferences [11]. Physical activity and sleep are also important [11]. Based on the
available evidence, it is clear that there are specific metabolic benefits (including, for exam-
ple improved glycaemic control) from the adoption of the LCD. However, these benefits
appear short-lived. Conversely, the longer-term benefits of the LCD are disappointing.
As a longer-term weight loss strategy, the LCD is simply ineffective in the majority of
individuals who adopt it, primarily due to difficulty in sustained adherence to dietary
interventions [11]. There are also potential safety concerns with the longer-term applica-
tion of the LCD, as outlined. Indeed, very few people are able to maintain weight loss
following the implementation of any lifestyle intervention, including long-term dietary
modifications [11].

How can we proceed in the future to optimize our diets for maximal health benefits?
There is clearly a need for more large-scale, prospective multi-centre trials on the effects of
the LCD. Despite the publication of >100 separate LCD and LFD randomized controlled
trials, our understanding of the benefits of the LCD remains limited, at least in part due
to heterogeneity amongst the design of different studies. We suggest a bold initiative to
explore major dietary approaches such as the LCD on the same scale as research in thera-
peutics, with a 1-5 year duration and inclusion of >5000 participants. Such a study design
would enable the exploration of major primary assumptions (such as remission/prevention
of T2D and CVD outcomes), and many secondary assumptions (such as compliance, sub-
group analyses [to ascertain the subgroups that are particularly responsive to the LCD and
predictors of response] and nutrigenetics). With antecedents of the PREDIMED (Prevencién
con Dieta Mediterranea) study on the benefits of the Mediterranean diet [81] and the Look
AHEAD (Action for Health in Diabetes) study on the benefits of the LFD (as part of an
intensive lifestyle intervention) [82], the execution of a large-scale study on the LCD is
well overdue.

As outlined earlier, an individualized and algorithmized approach to diets seems
sensible. We also need to change our societal mind-set regarding the purpose of dietary
change. Rather than diets perceived simply as a means to lose weight, we need to change
our perspective to one in which diets are considered as an essential component of healthy
lifestyle, which if followed correctly with other lifestyle measures, will improve our future
health outlook, and may even optimize our body weight. Above all, for longer-term
adherence, it is essential that whatever the chosen lifestyle strategy (including dietary
change), this is practical, feasible and importantly enjoyable for the individual engaged
in such behaviour changes. Without enjoyment, any long-term change is destined to fail.
Perhaps one reason why dietary and lifestyle changes are so disappointing over the longer
term is that the available options are too rigid, and as healthcare professionals, we do not
invest enough time in ascertaining practicality, feasibility and enjoyability of suggested
behaviour changes for each individual prior to making such recommendations. With such
a priori assessments, we can tailor our approach to the individual, and any recommended
lifestyle change, dietary or otherwise, will have a greater chance of longer-term success.

In addition to rigidity, perhaps our traditional approach to diets is also too prescriptive.
The available evidence shows that weight loss occurs following a reduction in daily caloric
intake, regardless of the macronutrient origin of those calories, although the magnitude of
weight loss varies according to the type of macronutrient, and the effects on diet-induced
thermogenesis [11]. Therefore, rather than considering the merits of the LCD versus
LFD or any other macronutrient change, perhaps our approach should simply be to limit
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caloric intake, whilst maintaining a healthy and enjoyable diet, and nurturing our gut
microbiota with fibre and plant-based foods in the process. The magnitude of limitation in
caloric intake (isocaloric balanced diet versus caloric restriction) requires careful tailoring
to the individual, with occasional avoidance of caloric restriction, including in the sub-
group of patients with T2D and normal-weight and/or older age. (In elderly patients, the
adoption of the LCD may worsen the loss of subcutaneous adipose tissue, development
of sarcopenia and the risk of renal insufficiency). In the majority of patients with T2D,
however, caloric restriction represents an excellent treatment option. In the DIRECT trial
(Diabetes Remission Clinical Trial), caloric restriction to between 825 and 853 Kcal/day in
adult patients with T2D resulted in nearly 50% remission to a nondiabetic state at 12-months
and a mean weight loss of 10 Kg (with a minority achieving >15% body weight loss) [83].
Although the longer-term adherence to caloric restriction of this magnitude may prove
challenging to many, and it will be important to review carefully the longer-term follow-up
data from the DIRECT cohort, these initial data are indeed promising, and demonstrate
proof of concept that caloric restriction is a feasible option, at least in the short-term.

To conclude, evidence reveals metabolic efficacy of the LCD at least during the short-
term. Unfortunately, there are substantial limitations to the LCD that restrict its metabolic
efficacy over the longer-term, coupled with potential safety concerns. Compared with the
LCD, caloric restriction offers a greater selection of food (including plant- and fibre-based)
options with fewer safety concerns (provided maintenance of a balanced diet). Perhaps
even relatively modest caloric restriction provides a practical, feasible and enjoyable
dietary alternative to the LCD, accomplishable over the longer-term and offering hope for
the future.

Author Contributions: TM.B. provided the first draft of the manuscript. M.O.W. carefully reviewed
the first draft and suggested substantial amendments and additional content. PH., SK. and A FH.P.
provided additional, relevant input and comments. All authors have read and agreed to the final
version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Guh, D.P; Zhang, W.; Bansback, N.; Amarsi, Z.; Birmingham, C.L.; Anis, A.H. The incidence of co-morbidities related to obesity
and overweight: A systematic review and meta-analysis. BMC Public Health 2009, 9, 88. [CrossRef]

2. Saboor Aftab, S.A.; Kumar, S.; Barber, TM. The role of obesity and type 2 diabetes mellitus in the development of male
obesity-associated secondary hypogonadism. Clin. Endocrinol. 2013, 78, 330-337. [CrossRef] [PubMed]

3.  Passarello, K.; Kurian, S.; Villanueva, V. Endometrial Cancer: An Overview of Pathophysiology, Management, and Care. Semin.
Oncol. Nurs. 2019, 35, 157-165. [CrossRef] [PubMed]

4. Tremmel, M.; Gerdtham, U.G.; Nilsson, PM.; Saha, S. Economic Burden of Obesity: A Systematic Literature Review. Int. J. Environ.
Res. Public Health 2017, 14, 435. [CrossRef] [PubMed]

5. Wolfe, BM,; Kvach, E.; Eckel, R.H. Treatment of Obesity: Weight Loss and Bariatric Surgery. Circ. Res. 2016, 118, 1844-1855.
[CrossRef]

6. Brown, E.; Wilding, ].P.H.; Barber, T.M.; Alam, U.; Cuthbertson, D.]. Weight loss variability with SGLT2 inhibitors and GLP-1
receptor agonists in type 2 diabetes mellitus and obesity: Mechanistic possibilities. Obes. Rev. 2019, 20, 816-828. [CrossRef]

7. Wadden, T.A.; Bailey, T.S.; Billings, L.K.; Davies, M.; Frias, ].P; Koroleva, A.; Lingvay, I.; O’'Neil, PM.; Rubino, D.M.;
Skovgaard, D.; et al. Effect of Subcutaneous Semaglutide vs Placebo as an Adjunct to Intensive Behavioral Therapy on Body
Weight in Adults With Overweight or Obesity: The STEP 3 Randomized Clinical Trial. JAMA 2021. [CrossRef]

8.  Wilder, R. The effect on ketonemiaon the course of epilepsy. Mayo Clin. Bull. 1921, 2, 307.

9.  Seckold, R; Fisher, E.; de Bock, M.; King, B.R.; Smart, C.E. The ups and downs of low-carbohydrate diets in the management of
Type 1 diabetes: A review of clinical outcomes. Diabet Med. 2019, 36, 326-334. [CrossRef]

10. Goldenberg, J.Z.; Day, A.; Brinkworth, G.D.; Sato, J.; Yamada, S.; Jonsson, T.; Beardsley, J.; Johnson, J.A.; Thabane, L.; Johnston, B.C.
Efficacy and safety of low and very low carbohydrate diets for type 2 diabetes remission: Systematic review and meta-analysis of
published and unpublished randomized trial data. BMJ 2021, 372, m4743. [CrossRef]

11. Scott, PM. Which diet is better—Low-fat or low-carb? JAAPA 2006, 19, 49. [CrossRef]

12.  Sampaio, L.P. Ketogenic diet for epilepsy treatment. Arq. Neuropsiquiatr. 2016, 74, 842-848. [CrossRef] [PubMed]


http://doi.org/10.1186/1471-2458-9-88
http://doi.org/10.1111/cen.12092
http://www.ncbi.nlm.nih.gov/pubmed/23121123
http://doi.org/10.1016/j.soncn.2019.02.002
http://www.ncbi.nlm.nih.gov/pubmed/30867105
http://doi.org/10.3390/ijerph14040435
http://www.ncbi.nlm.nih.gov/pubmed/28422077
http://doi.org/10.1161/CIRCRESAHA.116.307591
http://doi.org/10.1111/obr.12841
http://doi.org/10.1001/jama.2021.1831
http://doi.org/10.1111/dme.13845
http://doi.org/10.1136/bmj.m4743
http://doi.org/10.1097/01720610-200601000-00010
http://doi.org/10.1590/0004-282X20160116
http://www.ncbi.nlm.nih.gov/pubmed/27759811

Nutrients 2021, 13, 1187 13 of 15

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

McDaniel, S.S.; Rensing, N.R.; Thio, L.L.; Yamada, K.A.; Wong, M. The ketogenic diet inhibits the mammalian target of rapamycin
(mTOR) pathway. Epilepsia 2011, 52, e7—e11. [CrossRef] [PubMed]

Rho, ].M. How does the ketogenic diet induce anti-seizure effects? Neurosci. Lett. 2017, 637, 4-10. [CrossRef] [PubMed]

Atkins, R.C. Dr. Atkins’ Diet Revolution. Med. Lett. Drugs Ther. 1973, 15, 41-42.

Ludwig, D.S.; Ebbeling, C.B. The Carbohydrate-Insulin Model of Obesity: Beyond “Calories In, Calories Out”. JAMA Intern. Med.
2018, 178, 1098-1103. [CrossRef] [PubMed]

Brouns, F. Overweight and diabetes prevention: Is a low-carbohydrate-high-fat diet recommendable? Eur. |. Nutr. 2018, 57,
1301-1312. [CrossRef] [PubMed]

van Wyk, H.J.; Davis, R.E.; Davies, ].S. A critical review of low-carbohydrate diets in people with Type 2 diabetes. Diabet Med.
2016, 33, 148-157. [CrossRef] [PubMed]

Hashimoto, Y.; Fukuda, T.; Oyabu, C.; Tanaka, M.; Asano, M.; Yamazaki, M.; Fukui, M. Impact of low-carbohydrate diet on body
composition: Meta-analysis of randomized controlled studies. Obes. Rev. 2016, 17, 499-509. [CrossRef] [PubMed]

Astrup, A.; Meinert Larsen, T.; Harper, A. Atkins and other low-carbohydrate diets: Hoax or an effective tool for weight loss?
Lancet 2004, 364, 897-899. [CrossRef]

Hession, M.; Rolland, C.; Kulkarni, U.; Wise, A.; Broom, J. Systematic review of randomized controlled trials of low-carbohydrate
vs. low-fat/low-calorie diets in the management of obesity and its comorbidities. Obes. Rev. 2009, 10, 36-50. [CrossRef] [PubMed]
Johnston, B.C.; Kanters, S.; Bandayrel, K.; Wu, P; Naji, F; Siemieniuk, R.A.; Ball, G.D.; Busse, ].W.; Thorlund, K.; Guyatt, G.; et al.
Comparison of weight loss among named diet programs in overweight and obese adults: A meta-analysis. JAMA 2014, 312,
923-933. [CrossRef] [PubMed]

Nordmann, A.J.; Nordmann, A.; Briel, M.; Keller, U.; Yancy, W.S,, Jr.; Brehm, B.].; Bucher, H.C. Effects of low-carbohydrate vs
low-fat diets on weight loss and cardiovascular risk factors: A meta-analysis of randomized controlled trials. Arch. Intern. Med.
2006, 166, 285-293. [CrossRef] [PubMed]

Winwood-Smith, H.S.; Franklin, C.E.; White, C.R. Low-carbohydrate diet induces metabolic depression: A possible mechanism to
conserve glycogen. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2017, 313, R347-R356. [CrossRef] [PubMed]

Harber, M.P;; Schenk, S.; Barkan, A.L.; Horowitz, J.F. Alterations in carbohydrate metabolism in response to short-term dietary
carbohydrate restriction. Am. J. Physiol. Endocrinol. Metab. 2005, 289, E306-E312. [CrossRef] [PubMed]

Westerterp, K.R.; van de Venne, W.P.V; Bouten, C.V.; de Graaf, C.; van het Hof, K.H.; Weststrate, ].A. Energy expenditure and
physical activity in subjects consuming full-or reduced-fat products as part of their normal diet. Br. . Nutr. 1996, 76, 785-795.
[CrossRef]

Friedman, M.I,; Appel, S. Energy expenditure and body composition changes after an isocaloric ketogenic diet in overweight and
obese men: A secondary analysis of energy expenditure and physical activity. PLoS ONE 2019, 14, e0222971. [CrossRef] [PubMed]
Bestard, M.A.; Rothschild, J.A.; Crocker, G.H. Effect of low- and high-carbohydrate diets on swimming economy: A crossover
study. J. Int. Soc. Sports Nutr. 2020, 17, 64. [CrossRef]

McSwiney, ET.; Doyle, L.; Plews, D.J.; Zinn, C. Impact Of Ketogenic Diet On Athletes: Current Insights. Open Access J. Sports Med.
2019, 10, 171-183. [CrossRef]

Burke, L.M.; Ross, M.L.; Garvican-Lewis, L.A.; Welvaert, M.; Heikura, I.A.; Forbes, S.G.; Mirtschin, J.G.; Cato, L.E.; Strobel,
N.; Sharma, A.P; et al. Low carbohydrate, high fat diet impairs exercise economy and negates the performance benefit from
intensified training in elite race walkers. J. Physiol. 2017, 595, 2785-2807. [CrossRef]

Sitko, S.; Cirer-Sastre, R.; Corbi, F.; Lopez Laval, I. Effects of a low-carbohydrate diet on body composition and performance in
road cycling: A randomized, controlled trial. Nutr. Hosp. 2020, 37, 1022-1027.

Feinman, R.D.; Pogozelski, W.K.; Astrup, A.; Bernstein, R.K,; Fine, E.J.; Westman, E.C.; Accurso, A.; Frassetto, L.; Gower, B.A.;
McFarlane, S.I; et al. Dietary carbohydrate restriction as the first approach in diabetes management: Critical review and evidence
base. Nutrition 2015, 31, 1-13. [CrossRef]

Accurso, A.; Bernstein, R.K.; Dahlqvist, A.; Draznin, B.; Feinman, R.D.; Fine, EJ.; Gleed, A.; Jacobs, D.B.; Larson, G.;
Lustig, R.H.; et al. Dietary carbohydrate restriction in type 2 diabetes mellitus and metabolic syndrome: Time for a critical
appraisal. Nutr. Metab. 2008, 5, 9. [CrossRef]

Meng, Y; Bai, H.; Wang, S.; Li, Z.; Wang, Q.; Chen, L. Efficacy of low carbohydrate diet for type 2 diabetes mellitus management:
A systematic review and meta-analysis of randomized controlled trials. Diabetes Res. Clin. Pract. 2017, 131, 124-131. [CrossRef]
Boden, G.; Sargrad, K.; Homko, C.; Mozzoli, M.; Stein, T.P. Effect of a low-carbohydrate diet on appetite, blood glucose levels,
and insulin resistance in obese patients with type 2 diabetes. Ann. Intern. Med. 2005, 142, 403—411. [CrossRef]

Schugar, R.C.; Crawford, P.A. Low-carbohydrate ketogenic diets, glucose homeostasis, and nonalcoholic fatty liver disease. Curr.
Opin. Clin. Nutr. Metab. Care 2012, 15, 374-380. [CrossRef]

Korsmo-Haugen, H.K.; Brurberg, K.G.; Mann, J.; Aas, A.M. Carbohydrate quantity in the dietary management of type 2 diabetes:
A systematic review and meta-analysis. Diabetes Obes. Metab. 2019, 21, 15-27. [CrossRef] [PubMed]

Neuenschwander, M.; Ballon, A.; Weber, K.S.; Norat, T.; Aune, D.; Schwingshackl, L.; Schlesinger, S. Role of diet in type 2 diabetes
incidence: Umbrella review of meta-analyses of prospective observational studies. BMJ 2019, 366, 12368. [CrossRef] [PubMed]
Westman, E.C.; Feinman, R.D.; Mavropoulos, J.C.; Vernon, M.C.; Volek, ].S.; Wortman, J.A.; Yancy, W.S.; Phinney, S.D. Low-
carbohydrate nutrition and metabolism. Am. J. Clin. Nutr. 2007, 86, 276-284. [CrossRef] [PubMed]


http://doi.org/10.1111/j.1528-1167.2011.02981.x
http://www.ncbi.nlm.nih.gov/pubmed/21371020
http://doi.org/10.1016/j.neulet.2015.07.034
http://www.ncbi.nlm.nih.gov/pubmed/26222258
http://doi.org/10.1001/jamainternmed.2018.2933
http://www.ncbi.nlm.nih.gov/pubmed/29971406
http://doi.org/10.1007/s00394-018-1636-y
http://www.ncbi.nlm.nih.gov/pubmed/29541907
http://doi.org/10.1111/dme.12964
http://www.ncbi.nlm.nih.gov/pubmed/26413954
http://doi.org/10.1111/obr.12405
http://www.ncbi.nlm.nih.gov/pubmed/27059106
http://doi.org/10.1016/S0140-6736(04)16986-9
http://doi.org/10.1111/j.1467-789X.2008.00518.x
http://www.ncbi.nlm.nih.gov/pubmed/18700873
http://doi.org/10.1001/jama.2014.10397
http://www.ncbi.nlm.nih.gov/pubmed/25182101
http://doi.org/10.1001/archinte.166.3.285
http://www.ncbi.nlm.nih.gov/pubmed/16476868
http://doi.org/10.1152/ajpregu.00067.2017
http://www.ncbi.nlm.nih.gov/pubmed/28701319
http://doi.org/10.1152/ajpendo.00069.2005
http://www.ncbi.nlm.nih.gov/pubmed/15797987
http://doi.org/10.1079/BJN19960086
http://doi.org/10.1371/journal.pone.0222971
http://www.ncbi.nlm.nih.gov/pubmed/31815933
http://doi.org/10.1186/s12970-020-00392-3
http://doi.org/10.2147/OAJSM.S180409
http://doi.org/10.1113/JP273230
http://doi.org/10.1016/j.nut.2014.06.011
http://doi.org/10.1186/1743-7075-5-9
http://doi.org/10.1016/j.diabres.2017.07.006
http://doi.org/10.7326/0003-4819-142-6-200503150-00006
http://doi.org/10.1097/MCO.0b013e3283547157
http://doi.org/10.1111/dom.13499
http://www.ncbi.nlm.nih.gov/pubmed/30098129
http://doi.org/10.1136/bmj.l2368
http://www.ncbi.nlm.nih.gov/pubmed/31270064
http://doi.org/10.1093/ajcn/86.2.276
http://www.ncbi.nlm.nih.gov/pubmed/17684196

Nutrients 2021, 13, 1187 14 of 15

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Yamazaki, T.; Okawa, S.; Takahashi, M. The effects on weight loss and gene expression in adipose and hepatic tissues of very-low
carbohydrate and low-fat isoenergetic diets in diet-induced obese mice. Nutr. Metab. 2016, 13, 78. [CrossRef] [PubMed]
Monnier, L.; Schlienger, J.L.; Colette, C.; Bonnet, F. The obesity treatment dilemma: Why dieting is both the answer and the
problem? A mechanistic overview. Diabetes Metab. 2020, 2020, 101192. [CrossRef] [PubMed]

Drummond, S. Obesity: A diet that is acceptable is more likely to succeed. J. Fam. Health Care 2007, 17, 219-221. [PubMed]
Turton, J.L.; Raab, R.; Rooney, K.B. Low-carbohydrate diets for type 1 diabetes mellitus: A systematic review. PLoS ONE 2018, 13,
€0194987. [CrossRef] [PubMed]

Barber, T.M.; Kabisch, S.; Pfeiffer, A F.H.; Weickert, M.O. The Health Benefits of Dietary Fibre. Nutrients 2020, 12, 3209. [CrossRef]
Knight, E.L.; Stampfer, M.].; Hankinson, S.E.; Spiegelman, D.; Curhan, G.C. The impact of protein intake on renal function decline
in women with normal renal function or mild renal insufficiency. Ann. Intern. Med. 2003, 138, 460-467. [CrossRef]

Van Elswyk, M.E.; Weatherford, C.A.; McNeill, S.H. A Systematic Review of Renal Health in Healthy Individuals Associated with
Protein Intake above the US Recommended Daily Allowance in Randomized Controlled Trials and Observational Studies. Adv.
Nutr. 2018, 9, 404—418. [CrossRef] [PubMed]

Pfeiffer, A.F.H.; Pedersen, E.; Schwab, U.; Riserus, U.; Aas, A.M.; Uusitupa, M.; Thanopoulou, A.; Kendall, C.; Sievenpiper, J.L.;
Kahleova, H.; et al. The Effects of Different Quantities and Qualities of Protein Intake in People with Diabetes Mellitus. Nutrients
2020, 12, 365. [CrossRef]

Seidelmann, S.B.; Claggett, B.; Cheng, S.; Henglin, M.; Shah, A.; Steffen, L.M.; Folsom, A.R.; Rimm, E.B.; Willett, W.C.; Solomon,
S.D. Dietary carbohydrate intake and mortality: A prospective cohort study and meta-analysis. Lancet Public Health 2018, 3,
e419-e428. [CrossRef]

Micha, R.; Penalvo, J.L.; Cudhea, F; Imamura, F.; Rehm, C.D.; Mozaffarian, D. Association Between Dietary Factors and Mortality
From Heart Disease, Stroke, and Type 2 Diabetes in the United States. JAMA 2017, 317, 912-924. [CrossRef] [PubMed]
Collaborators, G.B.D.D. Health effects of dietary risks in 195 countries, 1990-2017: A systematic analysis for the Global Burden of
Disease Study 2017. Lancet 2019, 393, 1958-1972.

Hannan, M.T.; Tucker, K.L.; Dawson-Hughes, B.; Cupples, L.A.; Felson, D.T.; Kiel, D.P. Effect of dietary protein on bone loss in
elderly men and women: The Framingham Osteoporosis Study. ]. Bone Miner. Res. 2000, 15, 2504-2512. [CrossRef]

Shah, P.; Isley, W.L. Ketoacidosis during a low-carbohydrate diet. N. Engl. . Med. 2006, 354, 97-98. [CrossRef] [PubMed]
Weickert, M.O. What dietary modification best improves insulin sensitivity and why? Clin. Endocrinol. 2012, 77, 508-512.
[CrossRef] [PubMed]

Sluijs, I.; Beulens, ].W.; van der, A.D.; Spijkerman, A.M.; Grobbee, D.E.; van der Schouw, Y.T. Dietary intake of total, animal, and
vegetable protein and risk of type 2 diabetes in the European Prospective Investigation into Cancer and Nutrition (EPIC)-NL
study. Diabetes Care 2010, 33, 43-48. [CrossRef] [PubMed]

Weickert, M.O.; Roden, M.; Isken, F; Hoffmann, D.; Nowotny, P.; Osterhoff, M.; Blaut, M.; Alpert, C.; Gogebakan, O.;
Bumke-Vogt, C.; et al. Effects of supplemented isoenergetic diets differing in cereal fiber and protein content on insulin sensitivity
in overweight humans. Am. . Clin. Nutr. 2011, 94, 459-471. [CrossRef] [PubMed]

Xu, C.; Markova, M.; Seebeck, N.; Loft, A.; Hornemann, S.; Gantert, T.; Kabisch, S.; Herz, K.; Loske, J.; Ost, M.; et al. High-protein
diet more effectively reduces hepatic fat than low-protein diet despite lower autophagy and FGF21 levels. Liver Int. 2020, 40,
2982-2997. [CrossRef]

Markova, M.; Pivovarova, O.; Hornemann, S.; Sucher, S.; Frahnow, T.; Wegner, K.; Machann, J.; Petzke, K.J.; Hierholzer, J.;
Lichtinghagen, R.; et al. Isocaloric Diets High in Animal or Plant Protein Reduce Liver Fat and Inflammation in Individuals With
Type 2 Diabetes. Gastroenterology 2017, 152, 571-585.e578. [CrossRef]

Koelman, L.; Markova, M.; Seebeck, N.; Hornemann, S.; Rosenthal, A.; Lange, V.; Pivovarova-Ramich, O.; Aleksandrova, K.
Effects of High and Low Protein Diets on Inflammatory Profiles in People with Morbid Obesity: A 3-Week Intervention Study.
Nutrients 2020, 12, 3636. [CrossRef]

Pivovarova-Ramich, O.; Markova, M.; Weber, D.; Sucher, S.; Hornemann, S.; Rudovich, N.; Raila, J.; Sunaga-Franze, D.; Sauer,
S.; Rohn, S.; et al. Effects of diets high in animal or plant protein on oxidative stress in individuals with type 2 diabetes: A
randomized clinical trial. Redox Biol. 2020, 29, 101397. [CrossRef]

Clifton, PM.; Condo, D.; Keogh, J.B. Long term weight maintenance after advice to consume low carbohydrate, higher protein
diets—a systematic review and meta analysis. Nutr. Metab. Cardiovasc. Dis. 2014, 24, 224-235. [CrossRef]

St Jeor, S.T.; Howard, B.V.; Prewitt, T.E.; Bovee, V.; Bazzarre, T.; Eckel, R.H.; Nutrition Committee of the Council on Nutrition,
P.A.; Metabolism of the American Heart, A. Dietary protein and weight reduction: A statement for healthcare professionals from
the Nutrition Committee of the Council on Nutrition, Physical Activity, and Metabolism of the American Heart Association.
Circulation 2001, 104, 1869-1874. [CrossRef]

Johnson, R.J.; Nakagawa, T.; Sanchez-Lozada, L.G.; Shafiu, M.; Sundaram, S.; Le, M.; Ishimoto, T.; Sautin, Y.Y.; Lanaspa, M.A.
Sugar, uric acid, and the etiology of diabetes and obesity. Diabetes 2013, 62, 3307-3315. [CrossRef]

Cipryan, L.; Maffetone, P.B.; Plews, D.].; Laursen, P.B. Effects of a four-week very low-carbohydrate high-fat diet on biomarkers
of inflammation: Non-randomised parallel-group study. Nutr. Health 2020, 26, 35-42. [CrossRef] [PubMed]

Myette-Cote, E.; Durrer, C.; Neudorf, H.; Bammert, T.D.; Botezelli, ].D.; Johnson, J.D.; DeSouza, C.A.; Little, ].P. The effect of
a short-term low-carbohydrate, high-fat diet with or without postmeal walks on glycemic control and inflammation in type 2
diabetes: A randomized trial. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2018, 315, R1210-R1219. [CrossRef] [PubMed]


http://doi.org/10.1186/s12986-016-0139-1
http://www.ncbi.nlm.nih.gov/pubmed/27826354
http://doi.org/10.1016/j.diabet.2020.09.002
http://www.ncbi.nlm.nih.gov/pubmed/33002604
http://www.ncbi.nlm.nih.gov/pubmed/18201018
http://doi.org/10.1371/journal.pone.0194987
http://www.ncbi.nlm.nih.gov/pubmed/29596460
http://doi.org/10.3390/nu12103209
http://doi.org/10.7326/0003-4819-138-6-200303180-00009
http://doi.org/10.1093/advances/nmy026
http://www.ncbi.nlm.nih.gov/pubmed/30032227
http://doi.org/10.3390/nu12020365
http://doi.org/10.1016/S2468-2667(18)30135-X
http://doi.org/10.1001/jama.2017.0947
http://www.ncbi.nlm.nih.gov/pubmed/28267855
http://doi.org/10.1359/jbmr.2000.15.12.2504
http://doi.org/10.1056/NEJMc052709
http://www.ncbi.nlm.nih.gov/pubmed/16394313
http://doi.org/10.1111/j.1365-2265.2012.04450.x
http://www.ncbi.nlm.nih.gov/pubmed/22640465
http://doi.org/10.2337/dc09-1321
http://www.ncbi.nlm.nih.gov/pubmed/19825820
http://doi.org/10.3945/ajcn.110.004374
http://www.ncbi.nlm.nih.gov/pubmed/21633074
http://doi.org/10.1111/liv.14596
http://doi.org/10.1053/j.gastro.2016.10.007
http://doi.org/10.3390/nu12123636
http://doi.org/10.1016/j.redox.2019.101397
http://doi.org/10.1016/j.numecd.2013.11.006
http://doi.org/10.1161/hc4001.096152
http://doi.org/10.2337/db12-1814
http://doi.org/10.1177/0260106020903206
http://www.ncbi.nlm.nih.gov/pubmed/32000572
http://doi.org/10.1152/ajpregu.00240.2018
http://www.ncbi.nlm.nih.gov/pubmed/30303707

Nutrients 2021, 13, 1187 15 of 15

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Youm, Y.H.; Nguyen, K.Y.; Grant, R.W.; Goldberg, E.L.; Bodogai, M.; Kim, D.; D’Agostino, D.; Planavsky, N.; Lupfer, C.;
Kanneganti, T.D.; et al. The ketone metabolite beta-hydroxybutyrate blocks NLRP3 inflammasome-mediated inflammatory
disease. Nat. Med. 2015, 21, 263-269. [CrossRef] [PubMed]

Kani, A.H.; Alavian, S.M.; Esmaillzadeh, A.; Adibi, P; Haghighatdoost, F.; Azadbakht, L. Effects of a Low-Calorie, Low-
Carbohydrate Soy Containing Diet on Systemic Inflammation Among Patients with Nonalcoholic Fatty Liver Disease: A Parallel
Randomized Clinical Trial. Horm. Metab. Res. 2017, 49, 687-692. [CrossRef] [PubMed]

Forsythe, C.E.; Phinney, S.D.; Fernandez, M.L.; Quann, E.E.; Wood, R.J.; Bibus, D.M.; Kraemer, W.]J.; Feinman, R.D.; Volek, J.S.
Comparison of low fat and low carbohydrate diets on circulating fatty acid composition and markers of inflammation. Lipids
2008, 43, 65-77. [CrossRef]

Diamond, D.M.; O’'Neill, B.J.; Volek, ].S. Low carbohydrate diet: Are concerns with saturated fat, lipids, and cardiovascular
disease risk justified? Curr. Opin. Endocrinol. Diabetes Obes. 2020, 27, 291-300. [CrossRef]

Weickert, M.O.; Arafat, A.M.; Blaut, M.; Alpert, C.; Becker, N.; Leupelt, V.; Rudovich, N.; Mohlig, M.; Pfeiffer, A.F. Changes in
dominant groups of the gut microbiota do not explain cereal-fiber induced improvement of whole-body insulin sensitivity. Nutr.
Metab. 2011, 8, 90. [CrossRef]

Weickert, M.O. High fiber intake, dietary protein, and prevention of type 2 diabetes. Expert Rev. Endocrinol. Metab. 2018, 13,
223-224. [CrossRef]

Weickert, M.O.; Pfeiffer, A.FH. Impact of Dietary Fiber Consumption on Insulin Resistance and the Prevention of Type 2 Diabetes.
J. Nutr. 2018, 148, 7-12. [CrossRef]

Cuomo, R.; Andreozzi, P.; Zito, F.P.; Passananti, V.; De Carlo, G.; Sarnelli, G. Irritable bowel syndrome and food interaction. World
J. Gastroenterol. 2014, 20, 8837-8845. [PubMed]

Takakura, W.; Pimentel, M. Small Intestinal Bacterial Overgrowth and Irritable Bowel Syndrome—An Update. Front. Psychiatry
2020, 11, 664. [CrossRef] [PubMed]

Kabisch, S.; Meyer, N.M.T.; Honsek, C.; Gerbracht, C.; Dambeck, U.; Kemper, M.; Osterhoff, M.A.; Birkenfeld, A.L.; Arafat, AM.;
Hjorth, MLF,; et al. Fasting Glucose State Determines Metabolic Response to Supplementation with Insoluble Cereal Fibre: A
Secondary Analysis of the Optimal Fibre Trial (OptiFiT). Nutrients 2019, 11, 2385. [CrossRef] [PubMed]

Kabisch, S.; Meyer, N.M.T.; Honsek, C.; Gerbracht, C.; Dambeck, U.; Kemper, M.; Osterhoff, M.A.; Birkenfeld, A.L.; Arafat,
A.M.; Weickert, M.O.; et al. Obesity Does Not Modulate the Glycometabolic Benefit of Insoluble Cereal Fibre in Subjects with
Prediabetes-A Stratified Post Hoc Analysis of the Optimal Fibre Trial (OptiFiT). Nutrients 2019, 11, 2726. [CrossRef] [PubMed]
Honsek, C.; Kabisch, S.; Kemper, M.; Gerbracht, C.; Arafat, A.M.; Birkenfeld, A.L.; Dambeck, U.; Osterhoff, M.A.; Weickert,
M.O; Pfeiffer, A.FE.H. Fibre supplementation for the prevention of type 2 diabetes and improvement of glucose metabolism: The
randomised controlled Optimal Fibre Trial (OptiFiT). Diabetologia 2018, 61, 1295-1305. [CrossRef]

Raffensperger, J.F. The least-cost low-carbohydrate diet is expensive. Nutr. Res. 2008, 28, 6-12. [CrossRef]

David, L.A.; Maurice, C.F,; Carmody, R.N.; Gootenberg, D.B.; Button, J.E.; Wolfe, B.E.; Ling, A.V;; Devlin, A.S.; Varma, Y,;
Fischbach, M.A ; et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature 2014, 505, 559-563. [CrossRef]
Oduro-Donkor, D.; Turner, M.C.; Farnaud, S.; Renshaw, D.; Kyrou, I.; Hanson, P.; Hattersley, J.; Weickert, M.O.; Menon, V.;
Randeva, H.S; et al. Modification of fecal microbiota as a mediator of effective weight loss and metabolic benefits following
bariatric surgery. Expert Rev. Endocrinol. Metab. 2020, 15, 1-11. [CrossRef]

Asnicar, F; Berry, S.E.; Valdes, AM.; Nguyen, L.H.; Piccinno, G.; Drew, D.A.; Leeming, E.; Gibson, R.; Le Roy, C;
Khatib, H.A.; et al. Microbiome connections with host metabolism and habitual diet from 1,098 deeply phenotyped individuals.
Nat. Med. 2021, 27, 321-332. [CrossRef]

Martinez-Gonzalez, M.A.; Salas-Salvado, J.; Estruch, R.; Corella, D.; Fito, M.; Ros, E.; Predimed, 1. Benefits of the Mediterranean
Diet: Insights From the PREDIMED Study. Prog. Cardiovasc. Dis. 2015, 58, 50-60. [CrossRef] [PubMed]

Look, A.R.G. Eight-year weight losses with an intensive lifestyle intervention: The look AHEAD study. Obesity (Silver Spring)
2014, 22, 5-13.

Lean, M.E.; Leslie, W.S.; Barnes, A.C.; Brosnahan, N.; Thom, G.; McCombie, L.; Peters, C.; Zhyzhneuskaya, S.; Al-Mrabeh, A.;
Hollingsworth, K.G.; et al. Primary care-led weight management for remission of type 2 diabetes (DiRECT): An open-label,
cluster-randomised trial. Lancet 2018, 391, 541-551. [CrossRef]


http://doi.org/10.1038/nm.3804
http://www.ncbi.nlm.nih.gov/pubmed/25686106
http://doi.org/10.1055/s-0042-118707
http://www.ncbi.nlm.nih.gov/pubmed/28759939
http://doi.org/10.1007/s11745-007-3132-7
http://doi.org/10.1097/MED.0000000000000568
http://doi.org/10.1186/1743-7075-8-90
http://doi.org/10.1080/17446651.2018.1513320
http://doi.org/10.1093/jn/nxx008
http://www.ncbi.nlm.nih.gov/pubmed/25083057
http://doi.org/10.3389/fpsyt.2020.00664
http://www.ncbi.nlm.nih.gov/pubmed/32754068
http://doi.org/10.3390/nu11102385
http://www.ncbi.nlm.nih.gov/pubmed/31590438
http://doi.org/10.3390/nu11112726
http://www.ncbi.nlm.nih.gov/pubmed/31717901
http://doi.org/10.1007/s00125-018-4582-6
http://doi.org/10.1016/j.nutres.2007.10.002
http://doi.org/10.1038/nature12820
http://doi.org/10.1080/17446651.2020.1801412
http://doi.org/10.1038/s41591-020-01183-8
http://doi.org/10.1016/j.pcad.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/25940230
http://doi.org/10.1016/S0140-6736(17)33102-1

	Introduction 
	Methodology 
	Low-Carbohydrate Diet: Definition, Rationale and Patient Selection 
	Metabolic Efficacy of the LCD 
	Limitations of the LCD 
	Potential Safety Concerns of the LCD 
	Conclusions and Future Directions: LCD in the Context of Healthy Lifestyle 
	References

